Abstract: With over 150,000 implantations performed over the world, transcatheter aortic valve replacement (TAVR) has become a surgical technique, which largely competes with open surgery valve replacement for an increasing number of patients. The success of the procedure favors the research toward synthetic valve leaflet materials as an alternative to biological tissues, whose durability remains unknown. In particular, fibrous constructions have recently proven to be durable in vivo over a 6-month period of time in animal sheep models. Exaggerated fibrotic tissue formation remains, however, a critical issue to be addressed. This work investigates the design of a composite fibrous construction combining a woven polyethylene terephthalate (PET) layer and a non-woven PET mat, which are expected to provide, respectively, strength and appropriate topography toward limited fibrotic tissue ingrowth. For this purpose, a specific equipment has been developed to produce non-woven PET mats made from fibers with small diameter. These mats were assembled with woven PET substrates using various assembling techniques in order to obtain hybrid fibrous constructions. The physical and mechanical properties of the obtained materials were assessed and valve samples were manufactured to be tested in vitro for hydrodynamic performances. The results show that the composite fibrous construction is characterized by properties suitable for the valve leaflet function, but the durability of the assembling is however limited under accelerated cyclic loading.
Introduction
Over the last decade, transcatheter aortic valve replacement (TAVR) has become an accepted alternative technique to surgical valve replacement for over 150,000 patients worldwide [1] [2] [3] [4] . This non-invasive technique provides increased comfort to the patient, but is today mainly used for critical patients who cannot undergo classic surgery. However, in a fast-growing global market, where TAVR-related survival rates depend highly on the initial patient's health, one can expect that less-critical patients could be successfully treated with TAVR in the coming years.
Currently, the valve material used in the TAVR procedure is a biological tissue, such as bovine pericardium or porcine tissue. This material has been extensively used in open heart valve surgery over the last decades and remains the gold standard. However, there is a lack of data about the long-term durability of biological tissues used in trans-catheter devices. A few studies about TAVR have shown that, once assembled inside the metallic stent and crimped to a small diameter for catheter insertion, the biological material undergoes additional stress and gets degraded even before implantation [5] [6] [7] . The first long-term durability study about first generation devices has been recently presented, which shows high rates of valve degeneration after a few years [8] . In addition, devices made from biological leaflets remain expensive particularly due to the harvesting costs of biological tissues. Finally, future devices should be manufactured with a smaller diameter in order to be inserted more easily through generally already diseased artery networks. For this purpose, there is a need for a leaflet material, which could be less thicker than the existing materials.
In this context, it is of interest to investigate the potential of synthetic leaflet material alternatives and fibrous constructions could be considered as interesting candidates to replace the biological tissue leaflets in the TAVR procedures. Textile material is characterized by outstanding flexibility and strength and can be manufactured with a very less thickness at a low cost. It can be easily folded to a small diameter for the purpose of catheter insertion. With respect to material durability it has been proven that woven textile considered as a valve leaflet material could sustain largely over 200 Mio loading cycles [9] . Moreover, regarding interaction with biological tissue, synthetic fibrous material should be at least as effective as the biological tissue. In particular, fibrotic tissue ingrowth should be limited in order to keep the leaflet material flexible. But one of the limits of textile materials is their roughness due to the yarn crossing and surface discontinuity. Basically, the standard foreign body reaction (FBR), which is characterized by the encapsulation of the synthetic leaflets in fibrotic tissue, is largely influenced by the topography of the leaflet surface. Being porous, the textile material may be specifically prone to fibrotic tissue ingrowth. This behavior is known to depend on the size and number of the pores as well as on the topography of the yarns that are involved in the textile construction [10] [11] [12] [13] . Actually, with a thick fibrotic tissue layer growing in the fabric, the movement of the leaflet would be limited, and this must be avoided.
Preliminary in vivo implantations of textile valves have been performed recently in sheep models over a 6 month period of time and have been reported in literature [14] . The results showed that the interaction between the porous fibrous surface and the biological tissue leads to fibrosis formation. By comparing various textile constructions, it has, however, been shown that the phenomenon depends on the size of the filaments and the size of the pores. In particular, materials fabricated from multifilament yarns with 10 μm filament diameter are characterized by limited fibrosis development when compared to monofilament yarn materials with a larger diameter, e.g. 30 μm. This is in agreement with the other results from the literature [15] [16] [17] [18] . Actually, the formation of fibrotic tissue is limited on substrates characterized by larger pores and reduced fiber size. Fibroblasts spread preferentially in a two-dimensional (2D) pattern and avoid wrapping around fibers characterized by curvature radii lower than 10-15 μm and larger than 3-5 μm [15, 16] . Moreover, the large distance between the fibers prevent fibroblasts from bridging between two neighbor fibers. Considering all these aspects, a non-woven material made from distant small diameter fibers would present an advantage regarding the interaction with fibroblasts. Over the last years, several research projects have already focused on investigating the potential of non-woven fibrous scaffolds for valve tissue engineering [19] [20] [21] but with no convincing results regarding the long-term durability as the material is characterized by limited strength due to the lack of cohesion in the fibrous structure. In this context, the approach consisting of combining a woven construction with a nonwoven mat in a hybrid textile construction deserves investigation. This hybrid construction is likely to combine the strength of the woven textile with the appropriate surface roughness provided by the non-woven mat. This combination is expected to provide more durable valve leaflets.
The purpose of this work was to design a specific fibrous construct combining a woven polyethylene terephthalate (PET) layer and a non-woven PET mat, providing mechanical strength as well as appropriate topography to the construction. A force spinning device was set up in order to produce PET non-woven layers made from small diameter fibers. The non-woven mats were then assembled with woven constructions considering different assembling methods. The obtained hybrid textile membrane was characterized for physical and mechanical properties and was shaped into valves. Finally, the durability of the obtained hybrid valves was assessed.
Materials and methods

Non-woven PET production
Non-woven PET fiber mats were obtained using a force spinning system. This technology was preferred to electrospinning, which is classically used to produce small diameter non-woven fibrous mats (nanoscale). Actually, electrospun nanofiber mats, in which fibers are very close together, tend to promote fibroblasts bridging, which is to be avoided for the valve application. Moreover, the process requires the use of PET solvents, which are delicate to manipulate and in this first approach, focusing on PET material was a priority as the material is considered as largely biocompatible. The force spinning method allows producing enough distanced fine PET fibers from melted PET polymer using the centrifugal force effect. For this purpose, a dedicated system was developed in house composed of a motor, an infrared heater and a rotary reservoir equipped with a nozzle. In this system the polymer is heated up to the melting temperature (260°C). When the reservoir rotates, the centrifugal force induces a jet of the melted polymer through the nozzle. Due to the temperature gradient, the jet is solidified and non-woven fibers are formed ( Figure 1) .
Influence of the material parameters on the non-woven properties
The non-woven layer properties, in particular the diameter of the fibers and their distribution, were tunable by varying the nozzle diameter, the angular velocity of the reservoir and the viscosity. The effect of those parameters was investigated in order to choose the appropriate operating conditions that enabled the production of fibers around 10 μm.
The force spinning process involves two competing forces, which control both the average fiber diameter size and the fiber diameter distribution. On the one hand, a higher centrifugal force, which is directly related to the angular velocity, enhances the stretching of the fibers, thereby leading to a decrease of their average diameter. On the other hand, the viscous force, related to the polymer temperature, tends to restrain the stretching of the fibers. Moreover, the throughput of polymer, which depends on the nozzle diameter, will influence the size of the fiber as well. In order to reduce the size of the fibers, all these parameters were considered.
With respect to the nozzle, a commercially available 0.2-mm diameter nozzle was chosen, and non-woven mats with large fibers (35 μm, sample A) could be easily obtained in the first approach at a low angular velocity (4700 rpm). However, with this nozzle, the angular velocity had to be set at 6000 rpm in order to produce small diameter fibers, and the viscosity had to be set accordingly. Actually, the viscosity of the melted polymer could be tuned by varying the heating temperature according to the Arrhenius-Eyring equation:
where (η) is the viscosity at temperature (T), R is the gas constant, A is the frequency term depending on the entropy of activation for flow and E is the activation energy for viscous flow (E = 20 K cal/ mol for PET). In this study, only a relative visco sity value was calculated without considering the proportional coefficient (A) for the purpose of comparison. Finally, at 6000 rpm, by decreasing the relative viscosity from 0.98 (260°C) to 0.96 (270°C) it was possible to decrease the average diameter of the fibers from 11 μm (sample B) down to 4 μm (sample C) ( Table 1) . In all cases fibers appear to be uniform and continuously stretched without breaking. Figure 2 shows the typical fiber distribution for the various obtained mats (sample A, sample B and sample C). All mats look cohesive, but however are fragile when the fiber size is too low (sample C). Actually, when a larger relative viscosity value is considered (temperature lower than 250°C), it becomes difficult to expel the polymer jet out of the nozzle because the centrifugal force fails to overcome the viscous force. The obtained fiber becomes irregular and more brittle.
Composite assembling
In order to produce hybrid assemblies, only sample B (fibers with 11 μm diameter) mats were considered for the purpose of characterization. However, regarding the valve fatigue testing procedure, both sample A and sample B mats obtained, respectively, from fine and coarse fibers were used in order to study the influence of the fiber diameter on the durability of the hybrid textile valve. For all materials the non-woven mat obtained with the force spinning system was deposited on the surface of a woven PET substrate plain weave (75 yarns/cm in warp, 50 yarns/cm in weft, density 73.7 g/m 2 , yarn count 50 dtex, multifilament). In order to create an adherence between the two layers, different assembly methods were investigated ( Figure 3) : -Sewing the two layers together using a 22 dtex multifilament PET yarn according to the sewing pattern presented in Figure 3A . -Creating local melted areas using an ultrasonic welding gun (ultrasonic fusion was applied according to the pattern presented in Figure 3B ). -Using a biomedical grade adhesive (Cryolife BioGlue surgical adhesive). The pattern presented in Figure 3C shows the adhesive matrix. 
Material characterization
Characterization tests were performed in order to assess the influence of the added layer and the assembling process on some physical parameters, which are critical for the heart valve and the material performances (thickness, roughness, permeability, bending stiffness, pore size) using standard testing equipment.
Thickness: The leaflet thickness was measured using a dedicated instrument (C110T, Kroeplin GmbH, Schlüchtern, Germany). The applied force during the measurement was 0.5 gf/cm 2 , which corresponds to the sensitivity of the device used.
Surface roughness: The surface roughness was assessed in order to investigate the surface topography modifications induced by the assembling. Roughness given as a standard mean deviation (SMD) value in (μm) was measured using a Kawabata's Evaluation System instrument (KES-FB4, Kato Tech Co. Ltd., Kyoto, Japan).
Permeability: In order to assess the permeability of each fabric (ISO 7198), square textile specimens (1 cm 2 ) were placed under a static water column applying a 120 mm Hg pressure over the specimen. Flow across the fabric was measured (l/min) over a 3-min period of time.
Bending stiffness: The bending stiffness of the fabric was measured using the cantilever method (ISO9073-7, Shirley Stiffness Tester, Testex, Dongguan, China). The goal was to ensure that the added non-woven layer keeps the leaflet sufficiently flexible.
Surface density and pore size: In order to assess the geometrical characteristics of the non-woven mat surface, images of the sample surfaces were recorded using an optical microscope (×8) (VHX 6000, Keyence, Courbevoie, France). The resulting images were then processed to be converted to black and white and the surface pore density was defined as the ratio of black pixels to the overall area. Moreover, as pore size and pore density are not necessarily correlated, the pore size was measured by segmenting the images into squares (28 pixels × 36 pixels). The calculation of the ratio of black pixels to the area of each square was further considered as the pore area. Despite the fact that the method provides only average values, it enables to compare the different non-woven textile structures to each other.
Thermal crystallinity: Given that the degree of crystallinity is an important feature that affects the mechanical properties of the non-woven mat, differential scanning calorimetry (DSC) was performed on the non-woven samples using a Mettler TOLEDO DSC 823 e ( Mississauga, Canada) instrument to determine their crystallinity. DSC thermographs were obtained according to the following procedure: the samples were kept for 2 min at 25°C, and then were heated from 25°C to 300°C at 5°C/min (first heating cycle), cooled to 25°C at −20°C/min and kept at 25°C for 2 min (cooling cycle) and were finally reheated to 300°C at 5°C/min (second heating cycle) under a nitrogen atmosphere. The crystallinity was determined using the equation 100 Hm Hcc Xc Hc
where ΔHm is the heat of melting, ΔHcc is the heat of cold crystallization and ΔHc is the heat of melting for 100% crystalline PET. 
Valve manufacturing
After having characterized the performances of the obtained hybrid material, valve specimens were manufactured according to a procedure already described in a previous work [22] , and based on a thermal shape fixation treatment. However, the non-woven layer being easily damaged with thermal treatment, the usual procedure was modified in order to prevent the non-woven material from being heated. For this purpose the valve was first shaped from a woven PET substrate without the non-woven layer, which was added separately the second time according to the following steps ( Figure 4 ): -The PET woven textile flat membrane initially sewn in a tubular geometry was shaped in a valve form under heating conditions (110°C, 40 min). The design of the valve was obtained from the geometry of the mold used to shape the cusps. The mold is characterized by three cylindrical shapes (same radius as the valve radius), which are prolonged with triangular surfaces for the purpose of leaflet coaptation ( Figure 4A-C ). -The shaped fabric woven tube was then opened along the length and was assembled in a 2D configuration with the non-woven layer using the previously described assembling methods ( Figure 4D ). Over the assembling, the non-woven mat follows the shape given to the woven fabric cusps. -The hybrid fibrous construct was then welded along the height in order to obtain a hybrid shaped tube. The shaped valves were then assembled with commercially available 23 mm biological valve rings from which the biological tissue had been removed. Ethicon monofilament suture yarn Prolene 5-0 was used ( Figure 4E and F).
Valve performances
The durability of the hybrid heart valves (obtained from sample A and sample B non-woven materials) was assessed using an accelerated fatigue tester (ViVitro Labs HiCycle System) according to the ISO 5840 standard. The pressure applied on the valve was set to 100 ± 5 mm Hg and the valves were cycled at 14 Hz. At regular time intervals, the valve specimens were observed macroscopically in order to identify material degradations and assess the durability of the various assembling processes.
Results and discussion
Non-woven mat properties Table 2 presents the detailed features of the two mats, which were considered in this study (sample A and sample B). While the fiber size was different in the two materials, surface density values as well as average pore size values remained similar. This allowed to investigate the influence of the sole fiber size on the global mat behavior. One can observe that the crystallinity rate increases when the fiber size goes down. This will have an influence on the mechanical strength of the valve leaflets and the durability of the valves, which will be discussed later.
Material characterization
The results presented in Figure 5 show that the non-woven layer increases the bending stiffness and the roughness of the material in a significant way, regardless of the assembling process considered. Conversely the permeability is not significantly reduced. However, some differences could be observed between the various assembling techniques.
Thickness
As expected, the added non-woven layer resulted in increasing the thickness, which raised, respectively, from 120 to 342, 430 and 447 μm for the ultrasonic, sewing and biomedical adhesive assembly. The thermal treatment applied locally to the ultrasonic assembly resulted in local thickness reduction compared to the other assembly techniques. These values remain below the values that characterize bovine pericardium in clinical use.
Roughness
Regarding the roughness, the results show that all the assembling techniques tend to modify the topography of the surfaces. The roughness value is increased by nearly a factor of 3 regardless of the considered process. It is however notable that in the sewn material the roughness generated by the stitch points is limited compared to the bonds obtained with the other techniques (44, 54 and 57 μm for, respectively, the sewing assembly, biomedical adhesive assembly and ultrasonic assembly). The roughness is thus reduced.
Permeability
It can be observed in Figure 5 that by adding a non-woven layer on the woven substrate, the permeability is reduced only by around 5% for all processes. Actually, the pores in the woven material are slightly obstructed with the nonwoven fibers, but with no significant difference between the various samples.
Stiffness
It could be observed that the added non-woven layer globally generates an increase in stiffness, regardless of the assembling process considered (by 18% for the biomedical adhesive assembly and 78% for the sewing assembly). Actually, the three techniques generate a discontinuous assembling pattern, characterized by assembling points regularly spread over the surface of the textile. These points tend to rigidify the material locally. The fibers cannot slide over each other anymore in the vicinity of these points when the textile is flexed, limiting the flexure amplitude. However, fibers still have the opportunity to move and slide over each other between two neighbor fixation points. The fibrous construction keeps thus globally some flexibility. When comparing the assembling techniques in more detail, one can observe in particular that the increase in stiffness is more critical with the sewing process compared to the other two techniques (5.9 × 10 −5 , 4.5 × 10 −5 and 3.9 × 10 −5 mN.cm for, respectively, the sewing assembly, ultrasonic assembly and biomedical adhesive assembly). Actually, the sewing tends to tighten the fibers together along the whole sewing line while the other techniques just create local fixation points. Nevertheless, one can assume that once the material is flexed in a cyclic way, the discontinuity induced by the suture yarn will allow fibrous rearrangement in the construction as was described in a previous work [23] . Heim et al. cycled textile strips of various constructions under flexure conditions and showed that yarns and fabric tend to adapt to the load applied toward a configuration with limited stress. The stiffness generated at the assembling level should decrease with time over the cycling process.
Tests performed in a heart pulse duplicator with valves obtained from the various hybrid textiles showed that the stiffness increase described above did not modify the closing time and the regurgitation of the valve.
Valve manufacturing
Valves were obtained from both non-woven mats presented in the previous section. Their characteristics are presented in Table 3 .
Fatigue testing
The fatigue tests showed various results depending on: (1) the assembling technique, which was considered, and (2) the non-woven characteristics.
Influence of the assembling technique
When comparing the different assembling techniques, only the sample A mat was considered. The results show that the performances of the biomedical adhesive and the ultrasonic assembly presented similarities. Various degradation phenomena could be observed. First, in both cases, the fixation points underwent a fracture under the cyclic loading due to the local rigidity induced in the material either by the adhesive bond or by the ultrasonic locally melted zone. Second, the fibers embedded in the rigid fixation point matrix tended to break after cycling ( Figure 6) . Actually, the fibers are blocked on one side in either the melted or the stuck zone while the other end undergoes a cycling flexure. This flexure tends to induce crack propagation related to fatigue stress. Actually, a fiber embedded in the fixation point matrix can be approximated as a beam, which is fixed at one end. According to the strength of material theory, the stress on the fixed side is the highest, which leads to material rupture over time. The phenomenon is particularly visible for the adhesive assembling in which cracks propagated after only a limited number of cycles (0.2 Mio) over the whole surface of the fabric. Globally, the adhesive technique was definitely not compatible with the heart valve requirements. This material was thus not tested further. Regarding the ultrasonic assembly, damages were observed in more localized areas due to the fact that the size of the bonds could be smaller with that technique, providing more movement freedom to the fibers, and thus limiting the degradation phenomenon. Finally, the sewing assembly appeared to be the most durable assembling method as the first degradations were observed only after 10 Mio cycles. While only limited fiber breakages could be observed and while the sewing yarn remained undamaged, a loss of cohesion in the nonwoven mat could, however, be identified along the suture lines over the cycling process. Regarding the latter issue, the cohesion of two non-woven mats produced with different characteristics was compared and analyzed more precisely in a second step in order to better understand the degradation phenomenon. Figure 6 : SEM image of the rupture in an ultrasonic locally melted zone after cycling.
Influence of the mat characteristics on the cohesion of the hybrid material
When comparing the durability of hybrid fabrics made from sample A and sample B, it was observed that a loss of cohesion occurred in valve 1 (large fibers) after 10 Mio and in valve 2 (small fibers) after only 4 Mio. Scanning electron microscopy (SEM) images of both structures after cycling show similar degradation patterns occurring, however, at different time points. A closer look at the degraded material shows that two main degradation mechanisms can be identified: (1) fiber rupture and (2) delamination at the free edge level.
Regarding fiber breakage, a closer look at the rupture facies (fiber cross-section) shows that the fibers underwent a rupture at the suture line level due to axial loading ( Figure 7) . Basically, the non-woven material located between neighbor suture lines is highly solicited by the water cyclic flow. The flow tends to move the non-woven material around locally. Consequently, tension is generated within the fibers squeezed under the suture line. They deform plastically and eventually break. This occurs in particular when the bonds between the neighbor fibers in the mat are not strong enough to spread the load equally over the whole surface.
Moreover, it could be observed that the breakage occurred later in valve 1 made from larger fibers despite the materials being produced with similar density and pore size (around 60%). This may be due to the difference in stiffness, which is one of the most fundamental properties of a fiber. At the molecular scale, with a higher crystallinity rate the degree of freedom of molecular chains is limited in a material, which makes it stiffer. In our case, DSC results show that the sample B material is characterized by a higher crystallinity rate, which is almost 3 times as high as for sample A (from 10.52 to 27.65).
These results are in correlation with what have been demonstrated in the literature. Kwon et al. [24] prepared poly(l-lactide-co-caprolactone) (PLCL) meshes with a fiber diameter of 0.2, 1.7 and 7 μm and found out that the smaller fiber meshes were stiffer than the larger (Young's moduli of 2.2, 1.8, 0.8 MPa, respectively). These results can be explained with the polymer morphology. Wong et al. [25] used X-ray diffraction and single fiber tensile testing and demonstrated that stiffer smaller diameter polycaprolactone (PCL) fibers exhibit higher degrees of crystallinity and molecular orientation compared to softer large diameter fibers. Actually, fibers with small diameters are spun at a high temperature (in order to reduce the polymer viscosity), which tends to limit their elasticity and make them more fragile. Globally, whatever the non-woven characteristics might be, one can expect that this degradation will be very limited in vivo. Minimal tissue ingrowth will occur and stabilize the whole structure.
With respect to the delamination between the nonwoven layer and the woven substrate, it occurred at the level of the free edge. In this zone the two layers were assembled along a melted line created with an ultrasonic gun. Fibers are thus embedded in a local melted polymer matrix and tend to get broken as already described in the previous section due to local high flexure stress.
Hybrid textile production strategies
The force spinning system used in this study allowed obtaining non-woven PET mats at the laboratory scale for the purpose of concept validation. In order to make the production of fibers more reliable at a larger scale, other non-woven fiber production technologies could be considered in future work. First, the non-woven melt blowing process can be used for the production of fibers in the micro meter and smaller scale from melted polymer. The process, in which the polymer drawing is performed by an air jet, is very versatile and already largely used to produce filtering fibrous mats. In this industrial field the typical average fiber size is below 30 μm [26] . But it has been shown that smaller fiber sizes in the micro and even nano diameter range can also be obtained with the process, when the production parameters like viscosity or temperature are precisely adjusted [27, 28] .
Melt electrospinning is another process suited for the non-woven mat production. This technology becomes more and more popular and has been already largely used for tissue engineering applications [29] . The process principle is based on electrostatic fiber drawing of melted polymer. It presents the advantage of increasing the fiber output vs. solvent electrospinning and alleviates the issues related to the use of solvents. In the beginning, the process was not very competitive with melt blowing as fiber production was in the tens of micron diameter range, while the process was more complicated to set up. But recent advances have shown that the process parameters can be set in order to obtain fibers of smaller size [30] .
Finally, any of these more industrial non-woven production techniques could be used in future work to better control the non-woven mat tight specifications, which are required for hybrid textile applications. Moreover, these mats could be advantageously directly sprayed on the woven substrate before being sewn, as these processes provide an unidirectional fiber output compared to force spinning.
Conclusion
In this study, the physical characteristics and mechanical performances of a novel hybrid fibrous construction for heart valve application were studied. By tuning the adjustment parameters of a force spinning process, it was possible to produce non-woven PET mats characterized by small fiber diameter and large pore size. Various assembling techniques were considered to assemble the mats with a woven substrate. The added layer increased the stiffness and the roughness properties of the substrate in all cases while the permeability remained stable. Despite these modifications, the dynamic behavior of valves made from any of the hybrid textiles tested did not change over one cardiac cycle in vitro. Regarding the long-term behavior under accelerated cyclic loading conditions, sewing seems to present an advantage as the sewn hybrid material is the most durable. However, degradations could be observed in the non-woven mat after 4 Mio cycles along the suture line especially when small fibers are considered. If one can assume that slight tissue ingrowth is expected to stabilize the structure in vivo, the production of small fibers should be better controlled in future work in order to increase the strength of the obtained fibers.
